T o investigate activation of the S-phase checkpoint control, we monitored the activity of the Cds1p checkpoint protein kinase in fission yeast cells blocked before the onset of S-phase. The double temperature-sensitive mutant orp1 ts cdc18 ts is defective in two of the essential initiation proteins, Orp1p and Cdc18p, and fails to undergo the onset of S-phase 6 . This double mutant has a tighter block over S-phase than either of the two single mutants 6 . After 2 h at 36°C, the double mutant cells started to undergo aberrant mitoses in the absence of DNA replication, as confirmed by flow cytometry analysis (data not shown), indicating that the checkpoint signal blocking mitosis is not activated in the absence of Orp1p and Cdc18p activity (Fig. 1a ) 6 . Consistent with the failure to send a checkpoint signal, no increase in the Cds1p protein kinase activity was detected (Fig. 1b) . As a control, cells were blocked in S-phase at 25°C using the DNA synthesis inhibitor hydroxyurea (HU). As shown previously 11, 12 and confirmed here, cells treated with HU have activated Cds1p and do not enter mitosis ( Fig. 1 c,d ; 25°C). This experiment suggests that the activities of the Orp1p and Cdc18p are required for activation of the Cds1p protein kinase and the S-phase checkpoint.
Next, we tested whether the Orp1p and Cdc18p activities are required to maintain the S-phase checkpoint signal when cells are blocked in S-phase with HU. Surprisingly, orp1 ts cdc18 ts cells arrested with HU at 25°C did not maintain the block over mitosis after a shift to 36°C (Fig. 1c, 36°C ), indicating that the initiation proteins continue to be required when replication is blocked with HU. We next monitored Cds1p protein kinase activity in the orp1 ts cdc18 ts strain arrested in S-phase with HU. At 25°C in the presence of HU, the Cds1p protein kinase became activated, but this activity was not maintained after the cells had been shifted to 36°C (Fig.  1d, 36°C ), consistent with the failure to sustain the block over mitosis. To confirm this result, we used a cdc18 + switch-off strain, in which expression of the cdc18 + gene is under the control of the thiamine repressible nmt1 promotor 13 . These cells were arrested with HU just before cdc18 + gene expression was switched off, and consistent with our earlier results, they failed to maintain a block over mitosis in the absence of Cdc18p (Fig. 1e) . In wild type cells, Cdc18p persisted after cells were arrested in S-phase with HU (Fig.  1f) . It can be concluded that the activities of the Orp1p and Cdc18p initiation proteins are required to maintain Cds1p protein kinase activity when cells are arrested in S-phase.
Ectopic activation of the S-phase checkpoint signal can be induced by overexpression of Cds1p and results in cell cycle delay 14 . If Cds1p protein kinase activation requires Orp1p and Cdc18p, then ectopic activation of the S-phase checkpoint signal might also be dependent on these proteins. This possibility was tested by overexpressing Cds1p in the orp1 ts cdc18 ts double mutant. Cells became elongated at 25°C when Cds1p was overexpressed (Fig. 2a ), but at 36°C cells underwent mitosis (Fig. 2a,b ), even though Cds1p had accumulated to a high level (Fig. 2c) . The kinase activity of Cds1p increased fivefold after accumulation of Cds1p and the activity was maintained at this higher level in the absence of Orp1p and Cdc18p (data not shown). However, Cds1p kinase activity was not maintained in orp1 ts cdc18 ts cells shifted to 36°C in the presence of HU ( Supplementary Information, Fig. S1 ). Thus, the cell cycle delay induced by the ectopic activation of Cds1p kinase requires the activities of Orp1p and Cdc18p, although the kinase activity of Cds1p is only dependent on Orp1p and Cdc18p when S-phase is blocked with HU.
These experiments establish that activation and maintenance of Cds1p protein kinase activity and the S-phase checkpoint signal require the Orp1p and Cdc18p DNA replication initiation proteins. Next, we wanted to determine if these proteins are also required for the DNA damage checkpoint control. To test this, the cdc18 + switchoff and the orp1 ts cdc18 ts strains were treated with the DNA damaging agent methyl methanesulphonate (MMS), (Fig. 3) . In both strains, the block over mitosis was maintained (Fig. 3a,c) and the Cds1p protein kinase was not highly activated (Fig. 3b) . A low level of kinase activity was detected at 0 h, probably reflecting DNA damage in the portion of the cell population in S-phase (around 10%) 11 . Therefore, in contrast to the S-phase checkpoint, the DNA damage checkpoint signal does not require Orp1p and Cdc18p activities. Overexpression of Chk1p results in a cell cycle delay caused by ectopic activation of the DNA damage checkpoint signal blocking mitosis 15, 16 . If Chk1p protein kinase activation does not require Orp1p and Cdc18p, then ectopic activation of the DNA damage checkpoint signal would not be expected to be dependent on these proteins. When Chk1p was overexpressed in orp1 ts cdc18 ts cells at 36°C, these cells failed to undergo mitosis (Fig. 3d) . Therefore, the DNA damage checkpoint differs from the S-phase checkpoint in that it does not require the activity of the Orp1p and Cdc18p initiation proteins for the checkpoint block over mitosis. It has been proposed that alterations in DNA structure may be important for inducing the S-phase checkpoint 4, 5 . To investigate which DNA structures might be generated when S-phase is incomplete, we analysed genomic DNA using 2-dimensional (2D) neutral/neutral gel electrophoresis (Fig. 4a ). This method of analysis is used to detect intermediate structures formed during DNA synthesis 17 . A probe that spans the origin of replication ars3001 within the rDNA repeats and can detect DNA replication bubbles and forks travelling through this region was used. The orp1 ts cdc18 ts strain was grown at 25°C and 2D gel electrophoresis identified both bubble and fork arcs, and X-shaped spikes (Fig. 4b , −3.5 h). When S-phase progression was inhibited with HU for 3.5 h, to activate the S-phase checkpoint, an enhancement of larger bubble structures was also observed, compared with a normal S-phase (Fig. 4b , +HU, 0 h). All of these structures persisted for a further 6 h of treatment with HU at 25°C, during which time the checkpoint restraining mitosis remained active (Fig. 4b , +HU 25°C, 6 h control). Thus, activation of the S-phase checkpoint correlates with the persistence of bubble, fork and X-shaped structures. The orp1 ts cdc18 ts cells were then shifted to 36°C, which results in inactivation of the checkpoint signal. Within 4 h of the shift to 36°C, the signal for all three structures had mostly disappeared (Fig. 4b, +HU, 4 h ). By this time, the checkpoint signal had declined and cells were undergoing mitosis, despite the failure to complete S-phase. It is possible that this loss of replication intermediates was an indirect consequence of the activation of Cdc2p kinase and premature entry into mitosis. To address this, ∆mik1 wee1 ts cells were treated with HU at 25°C for 3.5 h and then shifted to 36°C to activate Cdc2p. Within 4 h of the temperature shift, nearly 90% of the cells had entered mitosis in the presence of HU (data not shown) and replication intermediates persisted (Fig. 4c) , eliminating this possibility. Thus, the correlation between the disappearance of the replication structures and the decline of the checkpoint signal suggests that these structures may function in the induction and maintenance of the S-phase checkpoint. In cells deleted for cds1 + , replication forks, X-shaped structures and a weak bubble arc were detected during an HU block + switch-off cells were grown to log-phase in minimal medium at 32°C. At time-zero, thiamine (T) was either added to shut off cdc18 + expression (OFF), or not added (ON), and cells were treated without (−HU) or with 12 mM HU (+HU). Samples were taken at the indicated times. f, Wild type cells were grown to log-phase and treated without (− HU) or with 12 mM HU (+HU) for 3.5 h at 25°C. Then (time-zero), cells were transferred to 36°C and cultured for 6 h. The level of Cdc18p in the samples was monitored by western blotting with an antibody specific to Cdc18p (anti-Cdc18). As a loading control, the amount of tubulin was analysed.
( Fig. 4d) . Although the efficiency of origin firing may be somewhat less in ∆cds1 cells, the accumulation of these replication intermediates in the presence of HU demonstrates that their persistence did not require the Cds1p protein kinase. Our data lead us to propose the following model for the activation of the S-phase checkpoint. If S-phase is incomplete, then DNA replication forks stall, as shown by the accumulation of replication bubbles and other replication intermediates in the presence of HU. The maintenance of these intermediates requires the DNA replication initiation proteins Orp1p and Cdc18p. The presence of these structures induces the checkpoint signal, inducing the S-phase checkpoint that activates the Cds1p protein kinase and inhibits the Cdc2p protein kinase, blocking mitotic onset. If S-phase is blocked before the initiation of DNA replication, as in the orp1 ts cdc18 ts mutant, then no checkpoint signal is sent. If the replication proteins Orp1p and Cdc18p are inactivated during an S-phase block, then the replication bubbles collapse or dissipate and the S-phase checkpoint signal and Cds1p protein kinase become inactivated. ts cdc18 ts cells were grown to log-phase in yeast extract medium and treated with 0.02% MMS for 3.5 h at 25°C. Then (time-zero), cells were either maintained at 25°C or transferred to 36°C and cultured for 6 h. Samples were collected at the indicated times. The proportion of aberrant mitotic cells was determined. b, Kinase activity associated with Cds1p was measured by immunoprecipitation of the samples with an anti-Cds1p antibody. Immune complexes were washed and assayed for kinase activity with myelin basic protein as a substrate. c, cdc18
+ switch-off cells were grown to log-phase in minimum media. At time-zero, thiamine (T) was either added to shut off cdc18 + expression (OFF), or was not added (ON), and cells were treated with 0.02% MMS at 32°C. Samples were taken at the indicated times. d, orp1 ts cdc18 ts cells containing pREP-chk1 + were grown to log-phase in the presence of thiamine, to repress expression of the genes. Thiamine was washed from the cultures to allow expression of chk1 + and cells were grown for 18.5 h at 25°C. At time-zero, cells were transferred to 36°C and cultured for 8 h. Samples were collected at the indicated times. The proportion of aberrant mitotic cells was then determined.
This implies that Orp1p and Cdc18p are not only required to generate the replication structures that are sensed by the checkpoint proteins, but also have an additional function in maintaining these structures when replication is stalled. It is possible that Orp1p and Cdc18p are either already present at replication forks or are recruited to the stalled replication structures, and are involved in preserving their integrity to ensure activation of the checkpoint. In Saccharomyces cerevisiae, it has been reported that the Cds1p homologue Rad53 is required to maintain stalled replication forks 18 , whereas we have shown that Orp1p and Cdc18p are required to maintain replication forks and to activate the Cds1p protein kinase. A recent report has also shown that replication intermediates accumulate in fission yeast deleted for the Rad3p or Cds1p protein kinases, caused by inappropriate firing at late origins 19 . Thus, the maintenance of stalled replication structures by the initiation proteins and the activation of the Cds1p/Rad53 protein kinase may form the mechanism that activates the checkpoint signal. In budding yeast, the Cdc18p homologue Cdc6 has not been detected in HU-arrested cells 20 , suggesting that there is either no requirement, or only a low requirement, for Cdc6 in maintaining the checkpoint signal in this organism. By contrast, in mammalian cells, Cdc6 is present throughout the cell cycle and some Cdc6 has been observed in the nucleus during HU treatment 21 . In addition to Orp1p and Cdc18p, a number of other proteins required for the initiation of DNA replication, including DNA polymerase and Cut5p, are also required to induce the S-phase checkpoint signal in fission yeast 2 , budding yeast 22, 23 and Xenopus laevis 24 . Furthermore, Cut5p is also required for maintenance of the S-phase checkpoint 25 . We propose that the stabilization of replication fork structures requires these DNA replication proteins and is necessary to maintain the S-phase checkpoint.
Methods

Fission yeast strains and methods
All strains were constructed in accordance with standard procedures 26 
2D gel electrophoresis
2D gel electrophoresis was performed as previously described 27 . Cells were harvested by filtration and washed once with 50 ml of ice-cold buffer (50 mM MOPS at pH 7. ts cells were grown to log-phase and treated with 12 mM HU for 3.5 h at 25°C. Then (time-zero), cells were transferred to 36°C and cultured for 6 h. Samples were collected at the indicated times. Genomic DNA was purified and digested with HindIII and KpnI. Precipitated DNA was run on a 0.4% agarose gel in the first dimension and a 1.1% agarose gel in the second. Gels were then transferred to membranes and hybridized with a 3.0-kb HindIII-KpnI fragment from the rDNA repeat, to detect ars3001. c, ∆mik1wee1 ts cells were treated with HU for 3.5 h at 25°C, then (timezero) shifted to 36°C. Samples were collected at time-zero and 4 h after the shift to 36°C, and processed for 2D gel electrophoresis as described above (b). d, ∆cds1 cells were treated with HU for 3.5 h at 25°C. Then (time-zero), cells were transferred to 36°C for 4 h. Samples were collected at 0 and 4 h after the shift to 36°C and processed for 2D gel electrophoresis as described above (b).
2 mM magnesium chloride) with 0.1% sodium azide, then washed again with 50 ml of buffer alone. Genomic DNA was purified from cells and digested with 80U of restriction enzymes. Precipitated DNA was run on a 0.4% agarose gel in the first dimension and a 1.1% agarose gel in the second dimension.Gels were transferred to GeneScreen Plus (NEN Life Sciences, Cambridge, UK) membranes. After hybridization, the membranes were exposed to BioMax film, scanned and processed in Photoshop. To detect the replication origin ars3001 within the tandem rDNA repeats, genomic DNA was digested with HindIII and KpnI and probed with the same 3 kb HindIII-KpnI fragment from the rDNA repeat.
Other techniques
Western blotting was performed as described 9, 12, 28, 29 . The Cds1p protein kinase activity was measured as described 12 . DAPI (4′, 6-diamidino-2-phenylindole, DNA staining agent) was used as described previously 28 .
supplementary infomation 1 Figure 1 Cds1p kinase activity. orp1 ts cdc18 ts cells having pREP-cds1 + were grown as in Fig. 2 . Thiamine was washed from the cultures to allow expression of cds1 + and cells were grown for 17 hours at 25°C. Then, cells were treated with 12 mM HU. At time 0 cells were either maintained at 25°C or transferred to 36°C. Samples were taken and nuclei were visualized by staining with DAPI. Kinase activity associated with Cds1p was measured by immunoprecipitation with antiCds1p antibody.
